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Introduction
The market for gold is one of the largest and most liquid in the world, surpassed only by the major currency pairs in terms of daily turnover.1 The price of gold, like that of many commodities, is conventionally quoted in USD. However, gold is not exclusively a US asset and so the return from an investment in gold, when calculated using the quoted USD price, conflates the change in the value of gold with the change in the value of the USD. To illustrate this point, consider the change in the gold price between 30 March 2015 and 18 May 2015. The USD price rose from 1185.79 USD per ounce to 1228.05 USD per ounce, an increase of 3.56 percent. But to a UK investor, the price of gold fell from 800.99 GBP per ounce to 783.00 GBP per ounce, a decrease of 2.25 percent. The discrepancy arises because the USD depreciated against the GBP by more than the price of gold increased in USD terms. In this paper, we develop a gold price index, which when used to compute returns, reflects changes in the intrinsic value of gold independently of concurrent changes in global exchange rates. As an illustration of the use the index, we are able to establish that over the period described above, the intrinsic value of gold decreased by 0.54%, and that the remaining changes in the price of gold in USD (+3.02%) and GBP (-1.31%) were due solely to exchange rate effects.
A number of market participants implicitly recognize this characteristic of the gold market and consider the gold price denominated in more than one currency. For example, the World Gold Council reports the price of gold not only in USD but also in other major currencies, and in the currencies of the major gold producing and consuming countries, where the non-USD prices are computed using the spot exchange rates against the USD.
2 Similarly, the 2016 GFMS gold survey published by 4 in the general case where gold is exclusive to neither country, measuring the change in the price of gold in a single currency suggests that its value has either risen (if measured in currency A) or fallen (if measured in currency B), neither of which is correct. Third, the correct way to measure the change in the intrinsic value of gold is as a function of the price of gold in both currencies. Importantly, the appropriate weights in this function depend not on the relative sizes of the two countries (as measured by their GDP, for example) but on their influence in the global gold market, in other words, their relative market power.
The gold price index that we develop can be thought of as a geometric weighted average of the normalized real (i.e. inflation-adjusted) price of gold in different currencies. The weight of each currency is proportional to that country's market power in the global gold market as reflected in the impact that a change in the country's real exchange rate has on the real price of gold quoted in other currencies.
We cast the relationship between the price of gold, exchange rates and a broad set of fundamental variables in a cointegration framework, in which we simultaneously model both the long run relationship between the price of gold and its determinants, and its short run dynamics. We use weekly data from 3 January 1995 to 22 February 2016 for 23 exchange rates against the GBP. 5 In view of the very high correlations between many individual exchange rates, we use principal components analysis to extract the significant underlying exchange rate factors. Over the full sample, we find that there are four 'significant' principal components in real exchange rates, which are shown to represent the USD currency bloc, the commodity currency block, the EUR currency block, and the Asian currency bloc, respectively. The cointegration framework allows us to distinguish between the long run and short run elasticities of the price of gold with respect to exchange rates. In particular, the long run elasticity with respect to an exchange rate (or an exchange rate bloc) partially reflects structural changes and, in particular, the impact that a change in the exchange rate has on fundamentals through, for example, changes in production capacity or demand. In 5 contrast, the short run elasticity reflects the change in the gold price arising directly from changes in the exchange rate, i.e. changes in the price of gold that simply reflect 'translation' effects. It is these short run elasticities that are relevant for the construction of the gold price index.
We therefore first estimate the long run relationship between the real price of gold, real exchange rates and proxies for the non-exchange rate related fundamentals, including global equity and bond prices, the oil price and the level of the VIX index of implied volatility, and show that these variables are strongly cointegrated. The gold price has a negative long run relation with global equity and bond prices and a positive long run relation with the price of oil and the VIX index. Gold has a positive long run relationship with the USD bloc, the EUR bloc and the commodity currency bloc, but a somewhat weaker relationship with the Asian currency bloc. We then estimate the short run dynamics of the change in the gold price as a function of (1) changes in exchange rates, (2) changes in fundamentals and (3) the lagged error correction term that captures the deviation from long run equilibrium. The short run elasticities from this regression are then used as weights in the gold price index. Using the full sample to estimate the model, we show that the (normalized) weights on the USD bloc, the commodity bloc, the EUR bloc and the Asian currency bloc are about 21%, 47%, 30% and 2%, respectively, reflecting the relative importance of these currency blocs for production, consumption and investment in the global gold market.
We convert the real gold price index into a nominal USD gold price index to enable a comparison with the USD price of gold. We show that the nominal gold price index is less volatile than the USD gold price and, in contrast with the USD gold price, has a strong negative relationship with global equities and a strong positive relationship with the VIX index, both of which underline the role of gold as a safe haven asset.
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In the following section, we summarize the related literature. In Section 3, we present a stylized theoretical model of the gold price index. In Section 4, we describe the data and econometric methods used to estimate the weights of the gold price index, and 6 report the results of the empirical analysis. Section 5 reports the results of a subsample analysis while Section 6 summarizes our findings and offers some concluding comments.
Related Literature
Our research is most closely related to Sjaastad and Scacciavillani (1996) , who develop a theoretical model of the relationship between exchange rates and the prices of internationally traded commodities. They show that the price of commodities such as gold can be written as a linear function of fundamentals and exchanges rates, with the coefficients on the exchange rates reflecting the relative market power that each country possesses. They consider the USD, JPY and DEM exchange rates, using the GBP as a base currency, and proxy the fundamental determinants of the price of gold by the US price level. They estimate the elasticities of the three currencies to be 28%, 19% and 53%, respectively, and conclude as a result that the global gold market is dominated by Europe. Sjaastad and Scacciavillani (1996) suggest that market power is derived from ownership of gold, rather than from production or consumption, since the latter represent very small annual flows relative to the stock of gold. For this reason, they exclude the major producing and consuming countries from their analysis.
However, there are two problems with this assumption. First, there is no fundamental difference between stocks of above-ground gold (the largest of which are held by the US and Europe) and established reserves of below-ground gold (which are concentrated, not surprisingly, in the gold producing countries, with the largest being in Australia, South Africa and Russia 7 ). Second, a country's market power is determined by the impact that it has on global gold prices, which is in turn related to its net contribution that it makes to global demand. What then determines market power? According to the World Gold Council, mining accounts for about two-thirds of the annual supply of gold, with the remaining one-third accounted for by the supply of scrap gold and the liquidation of gold investments that are held by both the private and public sector. 8 A priori, therefore, we would expect the countries associated with the highest gold price elasticities to be those that have high production but relatively 7 low consumption, those that have high consumption with relatively low production, and those that are large net purchasers or sellers of investment gold.
Although the framework that Sjaastad and Scacciavillani (1996) use ostensibly bears some relation to ours, the focus of our research is different. Their aim is to establish the variation in the quoted gold price that can be attributed to fluctuations in exchange rates. In contrast, ours is to develop an index of the price of gold that is free of those exchange rate fluctuations. There are also a number of significant differences in the methodology that we adopt. First, we undertake the analysis in a cointegration framework, and are hence able to estimate both the long run elasticities, which reflect the impact the exchange rate changes might have on gold fundamentals, and short run elasticities, which capture the translation effects that are unrelated to gold fundamentals and are the relevant elasticities for the gold price index. Second, as part of the cointegration approach, we estimate the short run elasticities using an error correction model, and therefore include an error correction term that represents the deviation from the long run equilibrium between the gold price, exchange rates and other determinants of fundamental value. This allows us to more accurately estimate the model parameters, including the short run elasticities. Third, we control for a more comprehensive set of fundamental determinants. Fourth, we consider a much broader set of currencies, including all those that, a priori, could be expected to be influential in the global gold market.
Our work is also related to Pukthuanthong and Roll (2011) , who note that it is commonly observed that depreciation of the USD against other currencies is typically associated with a rise in the USD price of gold. They state that "this is puzzling because it seems to imply something special about the relation between Dollars and gold. Dollar depreciation rather than the depreciation of another currency such as the Euro seems on the surface to bring a higher price of gold" (page 2070). They go on to show that, empirically, the price of gold in different currencies is actually positively correlated, and suggest that this is counterintuitive since it involves the price of gold rising (or falling) simultaneously in both appreciating and depreciating currencies. They demonstrate how this can happen using a simple decomposition of 8 the covariance between the price of gold and the exchange rate. Importantly, however, they also suggest that this contradicts Sjaastad and Scacciavillani (1996) , who state (as we do in the introduction, above) that the consequence of the law of one price is that if one currency depreciates against another, the price of gold will rise in the first currency and fall in the second currency, if fundamentals are unchanged. Of course, if fundamentals change, as they do in reality, the relationship between the price of gold denominated in different currencies will simply depend on the relative volatility of gold fundamentals and exchange rates. Pukthuanthong and Roll (2011) show (as we do below) that gold fundamentals are more volatile than exchange rates. Consequently, the documented positive correlation between the price of gold measured in different
currencies is precisely what should be expected. Clements and Fry (2008) analyze the relationship between exchange rates and commodity prices more broadly. The literature on 'commodity currencies' has focused on the impact that the changes in a commodity price have on the currencies of countries that are major producers of the commodity, with the implicit assumption concerning the direction of causality. Using a latent factor model comprising both a currency factor and a commodity factor, Clements and Fry (2008) analyze the link between the prices of various commodities and commodity currencies in order to ascertain the direction of causality. They show that while commodity prices are driven by exchange rate changes, there is no evidence that the reverse is true. In other words, certain currencies are 'commodity currencies' because they drive commodity prices, not because their value is driven by commodity prices. This is consistent with the framework that we use, in which commodity prices are a function of exchange rates as well as fundamentals. Note, however, that our specification permits the possibility that exchange rates are also a function of commodity prices since the cointegration framework that we use does not require us to specify the direction of long run causality.
Finally, our work is related to the large literature on modeling the time series properties of the gold price, both in levels and in first differences. Levin although by considering the relationship between the price of gold and each currency individually, they are unable to shed light on the relative importance of each currency in the global gold market, which is the focus of the current paper. More recent evidence casts doubt on the effectiveness of gold both as a hedge against inflation, and as a safe-haven asset (see, for example, Barro and Misra, 2016; Erb and Harvey, 2015) , suggesting that such findings may be sample specific.
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Theoretical Framework
Suppose that there are N countries. We denote the real price of gold in the currency of country i in period t by ! ",$ , and the set of real exchange rates faced by country i in period t by the Nx1 vector, % ",$ , where element & = 1, … , * contains the real exchange rate between country i and country j, denoted + ",,$ . We denote the fundamental value of gold at time t by -$ . The fundamental value can be thought of as the component of the gold price that changes in response to changes in real net demand. Equivalently, the change in the fundamental value is the change in the gold price, measured in any currency, that would be observed if exchange rates were constant. We can write the change in the natural logarithm of the real price of gold in country i as a function of two components, the first related to the change in fundamental value, and the second related to changes in global exchange rates:
where / ",$ = ln! ",$ , 4 ",$ is the Nx1 vector with elements s ",,$ = lnS ",,$ , 0 $ = ln-$ and 2 " is an Nx1 vector of elasticities of the gold price with respect to each exchange rate.
In particular, element j of 2 " , is the elasticity of the change in the real price of gold in currency i, with respect to the change in the real exchange rate between currency i and currency j:
where the division in the denominator represents element-by-element division. The vector of elasticities, 2 " , is unconstrained and so equation (1) has very little economic content. However, under the law of one price, we can show that the vector of elasticities is independent of the currency in which the gold price is measured.
Consider the difference in the change in the real price of gold measured in currencies i and j, ∆/ ",$ − ∆/ ,,$ . Using (1), and noting that 4 ,,$ = 4 ",$ − => ",,$ , where = is an Nx1 vector of 1s, this is given by
Under the law of one price, ∆/ ",$ − ∆/ ,,$ = ∆> ",,$ and so we have
which, collecting terms, can be written as
For this to hold for all i, j and t, we must have 2 " = 2 , = 2 and 2′= = 1. Thus, under the law of one price, the vector of elasticities is identical for each country, and the sum of the elasticities is equal to unity. We can therefore write the change in the real price of gold in country i as:
Using a somewhat different framework that is based on a model of global market clearing, Sjaastad and Scacciavillani (1996) show that the elasticities, 2 , are proportional to the market power of each country in the global gold market. These elasticities are unobserved but in the next section we estimate them empirically.
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The fundamental value of gold can be written as a weighted index of the real price of gold in the N currencies, where the weights are given by the elasticities, 2 .
Rearranging (6), we have:
Noting that ∆/ ",$ = ∆/ ,,$ + ∆> ",,$ , we can write ∆0 $ as a weighted average of the change in the real price of gold in each of the N currencies:
where E $ is the Nx1 vector of log real gold prices, / ,,$ . In levels, we have
where F is an arbitrary constant of integration that uniquely defines the index. Taking the exponent of both sides of Equation (9) yields
, and so we have
Thus the fundamental value can be thought of as an index representing the weighted geometric average of the real price of gold in each of the N currencies (in index form), with weights that are proportional to the market power of each country in the global 13 gold market. As such, it is analogous to the definition of the real effective exchange rate of one currency against an aggregate of the other N-1 currencies (reported by the IMF, for example) with weights determined by the share of international trade for each country. Here we define the effective exchange rate of gold against an aggregate of all N currencies, with weights determined by the market power of each country.
The index is a measure of the fundamental value of gold in real terms. That is to say, a change in the index value reflects a change in the global net demand of gold by volume. However, we can also compute the corresponding nominal fundamental value index for a particular currency:
where -$ U is the nominal fundamental value and ! V ",$ is the general price level in country i. In the following section, we estimate the market power weights, and derive the resulting real and nominal gold price indices.
Empirical Analysis
Data
We use weekly data from 13 Inevitably, there is a high degree of collinearity among many of the real exchange rates, owing to either structural similarities or the use of managed exchange rate systems. As is well known, while such collinearity does not invalidate the estimation of the model, it complicates the interpretation of the estimated coefficients by inflating the associated standard errors, making it difficult to distinguish the marginal effects of individual exchange rates. Moreover, the econometric framework that we use precludes the use of such a large set of variables. We therefore consider two approaches to reduce the dimensionality of the data. First, we reduce the full sample of 23 currencies to a subset of seven currencies, namely AUD, EUR, JPY, KRW, RUB, TRY, and USD. This reduced set of currencies was chosen to eliminate any exchange rate pairs that have a correlation in excess of 0.4, but while retaining JPY (which has a correlation with USD of just over 0.5) owing to its status as a major currency). Second, we use principal components analysis (PCA) to extract the common sources of variation in the first differences of the 23 log real exchange rates.
rates into an alternative base currency at the quoted exchange rate (i.e. imposing triangular no-arbitrage) and re-estimating the regression yields identical parameter estimates by construction. The only difference between the two regressions is that the parameter associated with the base currency in each case is not identified. However, since the sum of the exchange rate sensitivities must be equal to unity, the missing sensitivity is easily recovered. . 13 These currencies are the same as those used in the World Gold Council indices with the exception of the AED, for which insufficient data on consumer prices is available to be included in our sample. However, the AED is very highly correlated with the USD, and so its exclusion from the analysis has very little impact.
that have an associated eigenvalue greater than unity), which together explain about 69 percent of the total variation in the 23 exchange rates. The results of principal components analysis are reported in Table 1 . Inspection of the first four eigenvectors reveals that they each have a natural interpretation. In particular, PC1 has the largest weights on the USD and currencies that are either pegged to the USD or highly correlated with it (e.g. CNY, EGP, HKD, INR, PEN, SAR, THB and VND) and can therefore be thought of as representing the USD bloc. PC2 has the largest weights on AUD, BRL, CAD, MXN, TRY and ZAR, and can be thought of as representing the commodity currency bloc. PC3 has the largest weights on the EUR and CHF, and thus represents the EUR bloc. PC4 has relatively high weights on IDR, KRW, THB and, to a lesser extent, JPY, and can therefore be thought of as representing the Asian currency bloc. A number of currencies naturally belong to more than one bloc, most notably CAD (which has a relatively high weight in both PC1 and PC2) and JPY (which has a relatively high weight in PC1, PC3 and PC4). The use of PCA avoids the need to arbitrarily assign such currencies to one bloc or the other, and instead allocates a fraction of the variation in the currency to each bloc. For the cointegrating regression, which is specified in terms of the levels of the variables, rather than first differences, the direct application of PCA is not valid since the exchange rates are non-stationary. Instead, we cumulate each of the first four principal components of the first differences of the exchange rates.
14 [ Table 1] The fundamental variables are drawn from the literature and motivated by the role that gold is purported to have as a safe haven asset (see, for example, Malliaris and Malliaris, 2015; Erb and Harvey, 2015; Barro and Misra, 2016) . We include the MSCI world equity price index (wequity), the Citigroup world bond price index 14 To check the robustness of this approach, we also experimented with using an equally weighted index of the full sample of 23 exchange rates, the significant principal components of the exchange rates in levels (ignoring issues arising from their non-stationarity), and the reduced sample of seven exchange rates. All three approaches yield results that are very similar to the use of the cumulated principal components of the first difference of the exchange rates.
(wbond), the price of Brent crude oil (oil) and the level of the VIX index (vix). 15, 16 For each of the fundamental variables that is measured in currency terms (i.e. wequity, wbond and oil), we first compute the real value of the variable in each of the seven currencies of the reduced sample, deflating it by the respective CPI. We then construct a geometrically weighted average index of these values across the seven currencies, with the weights of the gold price index estimated using equation (14) below. These weights are obtained iteratively, with the initial weights for the fundamental variable indices set to be equal.
17 Table 2 reports the correlation matrix between the price of gold, the fundamental variables, the reduced sample of seven exchange rates and the first four principal components of the full sample of 23 exchange rates, all measured in logarithmic differences. The change in the gold price has a negative correlation with equity returns and a very weak positive correlation with bond returns, the change in the oil price and the change in the level of VIX. The strongest correlations are with the exchange rate changes, and the principal components of the exchange rate changes. [ Tables 2 and 3] 
Methodology
Equation (1) The second step is to estimate an error correction model for the change in the gold price, given by: 18 We do not report the results of the stationarity tests, but they are available on request. 19 The Engle-Granger methodology that we use is appropriate when there is a single cointegrating vector (CV). To check the validity of this assumption, we applied the Johansen trace test based on a vector error correction model (VECM) specification. For the model using principal components (on which the main results are based), using a VECM with a lag length of one (selected by the Schwartz Bayesian criterion) and including an unrestricted constant in the VECM (which allows for a linear trend in the level of the variables), the Johansen trace test rejected the null hypothesis of zero CVs against the null hypothesis of one CV (trace statistic of 258.6 vs. the 5% critical value of 192.9), but did not reject the null hypothesis of one CV against the alternative hypothesis of two CVs (trace statistic of 147.4 vs. the 5% critical value of 156.0). We therefore conclude that there is a single CV, justifying the use of the Engle-Granger procedure. This finding is robust to the choice of lag length in the VECM and alternative specifications of the deterministic constant and trend. The full results of this analysis are available on request from the authors.
where
],^ is the error correction term from the estimated cointegrating regression given by (13), a c is the speed of adjustment coefficient and ∆4 ],^ is either the 7x1 vector of the first differences of the log real exchange rates or the 4x1 vector of the principal components of the first differences of the 23 log real exchange rates. The parameter vector b \ represents the short run elasticities of the gold price with respect to the exchange rates. We estimate the ECM given by (14) by OLS. For the specification with the seven individual exchange rates, we additionally estimate a constrained version of the ECM given by (14) in which we impose the restrictions that the short run elasticities are non-negative and sum to unity. 20 The constrained ECM is estimated by Nonlinear Least Squares (NLS). For all three models, we report tests for first order serial correlation and heteroscedasticity. Table 4 reports the results of estimating the cointegrating regression given by rates and the first four principal components of the full set of 23 exchange rates. To investigate the robustness of our results, we separately estimate the latter model using the first one, two, three and four principal components. The null hypothesis of no cointegration is rejected at the 10% level using the seven individual currencies, at the 5% level using the first one, two or three principal components, and at the 10% level using the first four principal components, suggesting that the gold price is cointegrated with the fundamental variables and the exchange rates. The gold price has a negative long run relation with global equity and bond prices and a positive long run relation with the VIX index and, in four of the five cases, with the price of oil and the. Gold has a positive long run relationship with the USD bloc, the EUR bloc and the commodity currency bloc, but a somewhat weaker (and negative) relationship with the Asian currency bloc. In the remaining analysis, we use the error correction term from the model with four principal components, although almost identical results are obtained with three principal components.
Estimation Results
[ Table 4 ] Table 5 reports the results of estimating the error correction model given by Equation (14). The specification in Column 1 includes the reduced set of seven exchange rates with no constraints on the coefficients. The model explains 22 percent of the variation in the change in the real gold price. The coefficient on ΔiOjklmn is significantly negative, suggesting that after controlling for the exchange rate effects, gold is negatively correlated with global equity markets, supporting its role as a safe haven asset. The coefficient on Δiopqr is also positive, although not significant. The coefficient on Δpls is significantly positive, but the coefficient on Δtlu is insignificantly different from zero, suggesting that uncertainty in the economy is perhaps captured through the change in equity prices or in the price of oil. The coefficient on the error correction term is -0.046, and significant at the one percent level. This is substantially larger than the value of -0.019 reported by Levin, Montagnoli and Wright (2006) using monthly data. This is perhaps explained by the fact that the cointgerating relationship given by (13) includes a larger set of fundamental variables, and hence better captures the long run determinants of the price of gold. The sum of the coefficients is equal to 0.984, so the implied coefficient on GBP is 0.016, which is close to its assumed value of zero, particularly given that this specification only includes seven of the 23 currencies. The coefficients on the exchange rates are positive except for KRW (-0.024) and TRY (-0.022). The largest weight is on AUD, followed by EUR, JPY and USD.
The specification in Column (2) imposes the constraint that the coefficients on the exchange rates are non-negative and sum to unity. The constrained model is estimated by nonlinear least squares. Imposing the constraint has no measurable impact on the overall explanatory power of the model, and only the coefficient on global bond prices is affected, although it remains insignificantly different from zero. The model again suggests that the gold market is dominated by the AUD, followed by the EUR, JPY and the USD, and currencies that are correlated with these but not included in the model. The specification in Column 3 replaces the individual exchange rate changes with their first four principal components, which were shown above to represent the USD bloc, the commodity bloc, the EUR block and the Asian bloc, respectively. The explanatory power of the model is enhanced by including information about the wider set of currencies, with the R-squared rising marginally to 24.5%. The first three principal components are positive and highly significant, while the fourth principal component is positive but statistically insignificant and small in magnitude. Thus, while the Asian currencies evidently share certain dynamic characteristics that are distinct from those of other currencies, these dynamics do not appear to be important for the global gold market. The principal components are normalized so that they have unit Euclidean length, and so their coefficients do not have the same interpretation as those on individual exchange rates. However, assuming that the weight on the GBP is zero (as is suggested, at least approximately, by the unconstrained model in Column
(1)), re-normalizing the coefficients on the first four principal components yields weights of 21.1%, 46.9%, 30.0% and 1.9% on the USD bloc, the commodity bloc, the EUR bloc and the Asian currency bloc, respectively. Our findings thus suggest that the global gold market is dominated by the commodity bloc countries by a considerable margin, followed by the EUR and USD blocs, and that the Asian currency bloc does not play a significant role in the gold market.
[ Table 5 ]
It is useful to compare our results to those reported by Sjaastad and Scacciavillani (1996) , who using a different approach estimate the market power associated with the DEM, JPY and USD, also using the GBP as the base currency, but include only the world price level to capture fundamentals. They estimate the weights on the three currencies to be 53.4%, 19.0% and 27.6%, respectively. We also find a very significant role for the EUR and USD blocs, but our results suggest that by excluding the major commodity currencies, the sample considered by Sjaastad and Scacciavillani (1996) represents only a little over half of the global gold market.
The Gold Price Index
We now calculate the gold price indices that are implied by the three ECMs estimated above. For the models that use the individual exchange rates (i.e. Columns 1 and 2), it is a straightforward matter of computing the geometric weighted average index given by Equation (11). For the model that uses the principal components (i.e. Column 3),
we first calculate the weights on the individual exchange rates that are implied by the four principal components and their estimated coefficients, and then normalize these weights so that they sum to unity. These normalized weights are then used to compute the index. All three indices are rebased to be equal to 100 at the beginning of the sample. The indices, which are plotted in Figure 1 , are very close to each other, with only very minor differences between them.
[ Figure 1 ]
We also calculate the nominal gold price index given by Equation (12) using the US CPI to inflate the real gold price index. currencies. We can also see that, despite a similar broad trajectory, there are significant deviations between the USD price of gold and the gold price index, with sustained periods in which the USD price fell but the gold price index rose, or vice versa. For example, over the last two years of the sample, while the USD price of gold fell by 9.6%, the fundamental value of gold rose by 13.0% in real terms and by 14.0% in nominal terms.
[ Figure 2 ]
To isolate the impact of exchange rate changes on the price of gold, in Figure 3 we report the ratio of the USD gold price to the nominal gold price index both based to 100 on 13 February 1995. This ratio can be thought of as an index of the weighted value of the USD against other currencies, with weights proportional to the influence of those currencies in the gold market. The lower the value of this ratio, the higher the relative value of the USD. Most notable, perhaps, is the sharp reduction in the ratio during the financial crisis of 2008, reflecting the safe haven characteristic of the USD during times of market turbulence. The longer run changes in the value of the USD (such as its steady strengthening since 2011) are also evident.
[ Figure 3 ] Table 6 reports summary statistics of the log changes in the nominal gold price index and the USD price of gold. In particular, it reports the mean, standard deviation, minimum and maximum, as well as correlations with the log changes in the world equity and bond indices and the oil price, all measured in USD, and with the log change in the VIX index. The index has a similar mean return, but is less volatile than the USD gold price. The gold price index has a strong and statistically significant negative correlation with global equities, emphasizing its role as a safe haven asset. In contrast, the USD price of gold is positively correlated with global equities, conflating the role of gold as a safe haven asset with that of the USD. Similarly, while the VIX index is approximately uncorrelated with the USD price of gold, it is strongly positively correlated with the gold price index, showing that the value of gold increases during times of market uncertainty as measured by the implied volatility of bond prices and the oil price.
Characteristics of the Gold Price Index
[ Table 6 ]
Sub-Period Analysis
To investigate the robustness of our findings, and to explore how influence in the global gold market has changed over time, Table 7 reports results of estimating the error correction model based on the first four principal components of the 23 exchange rates for three equal sub-periods. The table also reports the Z-statistic to test the null hypothesis of no coinegration in the Engle-Granger first stage regression. The evidence of cointegration among the variables is very strong in the second and third sub-periods (with significance levels lower than one percent), but only marginal in the first sub-period (with a significance level just over ten percent). In the ECM model itself, the error correction term is significant in all three sub-periods and the coefficient is larger in value than in the full sample. However, this partly reflects that the coefficient is estimated with much lower precision than in the full sample. The role of the control variables is somewhat unstable over the three sub-periods, and generally only significant in the final sub-period, i.e. in the period since the financial crisis. In contrast, exchange rate changes are an important determinant of the change in the gold price in all three sub-periods. In particular, the first three principal components (the USD bloc, the commodity bloc and the EUR bloc, respectively) are significant in all cases, and the fourth principal component (the Asian currency bloc)
is highly significant in the third sub-period. However, the relative influence of the individual currency blocs has evidently evolved over time. In the first sub-sample (i.e.
before the financial crisis of 2008), the gold market was dominated by the USD and EUR blocs, which is broadly consistent with the findings of Sjaastad and Scacciavillani (1996) . In the second sub-period, which contains the financial crisis, the gold market was dominated by the EUR currency bloc, and to a lesser extent by the commodity currency bloc, with the influence of the USD bloc considerably reduced. In the final sub-period, the gold market has come to be dominated by the Asian currency bloc and the commodity currency bloc, followed by the USD and EUR blocs.
[ Table 7 ]
Conclusion
Although the price of gold is invariably quoted in USD, it is not exclusively a US asset. Consequently, changes in the quoted price of gold conflate changes in the 'intrinsic' value of gold, i.e. changes in the price of gold that are caused by fluctuations in demand and supply, both with changes in the value of the USD against other currencies, and with changes in the US price level. In this paper, we propose a gold price index that enables market participants to separate these components of the change in the gold price. The index is a geometrically weighted average of the price of gold denominated in different currencies, with weights that are proportional to the market power of each country in the global gold market, which we estimate empirically. We cast the relationship between the price of gold, exchange rates and a broad set of fundamental variables in a cointegration framework, in which we simultaneously model both the long run relationship between the price of gold and its determinants, and its short run dynamics. In view of the very high correlations between individual exchange rates, we use principal components analysis to extract the significant underlying exchange rate factors. We show that the (normalized) weights on the USD bloc, the commodity bloc, the EUR bloc and the Asian currency bloc are about 21%, 47%, 30% and 2%, respectively, reflecting the relative importance of these currency blocks for production, consumption and investment in the global gold market.
An accurate gold price index that properly reflects the underlying value of gold has a number of uses. First, it allows market participants and regulators to separate changes in the price of gold from changes in global exchange rates and, in so doing, to properly understand the role that gold plays in international financial markets. As an illustration of this point, gold is often considered to be a safe-haven asset, and for its value to rise in times of crisis. Yet the empirical evidence for this is mixed (see, for example, Smith 2001; Barro and Misra, 2016; Erb and Harvey, 2015) . In our sample, the USD return from investing in gold has a weak positive correlation with global equity returns, casting doubt on gold's perceived status as a safe-haven asset. A plausible explanation for this is that while gold is a safe-haven asset, the USD is an even greater safe-haven asset and in times of crisis, the value of the USD rises by more than the value of gold (see Fatum and Yamamoto, 2016) . Our gold price index allows us to confirm this hypothesis. Indeed, we show that while the USD gold price is positively correlated with equity returns, the gold price index is very significantly negatively correlated with equity returns, suggesting that when equity markets fall, the intrinsic value of gold does indeed rise. A second use of a gold index is to help investors to understand the dynamics of the gold price, which are otherwise potentially obscured by the dynamics of exchange rates. Such dynamics include momentum, return reversals and time-varying conditional volatility, for example. The gold price index allows one to study these characteristics of the intrinsic value of gold, separately from those of exchange rates. A third benefit that arises from being able to separate movements in the gold price from movements in exchange rates is that it may allow for more finely tuned hedging policies by market participants who want to protect themselves against future gold price volatility independently of volatility in the currency markets. Relatedly, the creation of a gold price index provides an opportunity for the introduction of derivative instruments that track the value of gold independently of exchange rates. Finally, we focus on gold because of the rather special role that it plays in the financial system as a store of wealth, in contrast with other commodities, and the size of the gold market also suggests that it warrants special attention. However, the approach that we develop is applicable to other commodities. Moreover, to the extent that the quoted prices of all financial assets are influenced by fluctuations in exchange rates, the approach could be usefully applied to other asset classes.
Figure 1: Real Gold Price Index
Notes: The figure plots the real gold price index calculated using the unconstrained model, the constrained model and the principal components model using Equations (13) and (14). All three series are rebased to 100 on 13 February 1995. Notes: The figure plots the real and nominal gold price indices, estimated using the principal components model given by Equations (13) and (14), and the USD price of gold. All three series are rebased to 100 on 13 February 1995. Notes: The figure plots the ratio of the USD price of gold to the nominal gold price index estimated using the principal components model given by Equations (13) and (14). Both series are based to 100 on 13 February 1995. (14) for the reduced sample of seven currencies (Column 1), the reduced sample of seven currencies with the constraint that the coefficients on the exchange rate changes are non-negative and sum to unity (Column 2) and the first four principal components of the full set of 23 exchange rates (Column 3). The model is estimated over the sample period 13 February 1995 to 23 February 2016 by OLS (Columns 1 and 3) or NLS (Column 2). Standard errors are in parentheses. '***', '**' and '*' represent statistical significance at the 1%, 5% and 10% level, respectively. Sb2 is the sum of the coefficients on the exchange rate terms. 'AR1 p-value' is the p-value for the Breusch-Godfrey test of the null hypothesis of no first order serial correlation. 'Het pvalue' is the p-value for the Breusch-Pagan test of the null hypothesis of no heteroscedasticity. 
